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ATP and UTP have been proposed for use as therapeutic treatment of the abnormal ion transport in the 
airway epithelium in cystic fibrosis (CF), the most characteristic feature of which is permanent infection by 
Pseudomonas aeruginosa. As for diverse gram-negative bacteria, this pathogenic bacterium accumulates dif- 
fusible iV-acylhomoserine lactone (AHL) signal molecules, and when a threshold concentration is reached, 
virulence factor genes are activated. Human submucosal tracheal gland serous (HTGS) cells are believed to 
play a m^or role in the physiopathology of CF. Since ATP and UTP stimulate CF epithelial cells through P2Y 
receptors, we sought to determine whether CF HTGS cells are capable of responding to the AHLs iV-butanoyl- 
L-homoserine lactone (BHL), iV-hexanoyl-L-homoserine lactone (HHL), A^-(3-oxododecanoyl)-L-homoserine 
lactone (OdDHL), and iV-(3-oxohexanoyl)-L-homoserine lactone (OHHL), with special reference to P2Y recep- 
tors. All AHLs inhibited ATP- and UTP-induced secretion by CF HTGS cells. The 50% inhibitory concentra- 
tions were as high as 10 and 5 |xM for BHL and HHL, respectively, but were only 0.3 and 0.4 pM for OdDHL 
and OHHL, respectively. Furthermore, all AHLs down-regulated the expression of the P2Y2 and P2Y4 
receptors. Ibuprofen and nordihydroguaiaretic acid were able to prevent AHL inhibition of the responses to 
nucleotides, but neither dexamethasone nor indomethacin was able to do this. These data indicate that AHLs 
may alter responsiveness to ATP and UTP by CF HTGS ceUs and suggest that, in addition to ATP and/or UTP 
analogues, ibuprofen may be of use for a combinational pharmacological therapy for CF. 



Cystic fibrosis (CF) is a genetic disease characterized by 
hypersecretion of mucus and especially by persistent severe 
bacterial infection and inflammation in the airways. The defect 
lies in mutations of a membrane protein called CF transmem- 
brane conductance Regulator (CFTR), which possesses a cy- 
clic AMP-dependent chloride channel activity (34) that is de- 
fective in CF. However, since calcium-dependent chloride 
channels remain functional in CF airway epithelial cells (46), 
the use of agents inducing rises in intracellular calcium was 
proposed for pharmacological therapy in order to bypass the 
basic defect in CF. Among the possible secretagogues acting 
on the intracellular calcium pathway, nucleotides such as ATP 
or UTP analogues are thought to be of most interest, as they 
were demonstrated to act on receptors located on the apical 
side of the airway epithelium (21). ATP or UTP analogues 
were shown to induce chloride secretion by CF epithelial cells 
(21) and also to induce bronchial relaxation (1). When tested 
clinically, nucleotides or nucleotide analogues were described 
as having positive and efficient effects on mucociliary clearance 
(3, 29). 

The most characteristic feature of CF is the persistent in- 
fection of the airways by the gram -negative bacterium Pseudo- 
monas aeruginosa. This bacterium is a major pathogen in CF 
which persists continuously (17) in the airways of CF patients 
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despite intense antibiotic therapy. A large number of P. aerugi- 
nosa virulence factors are regulated by two unique quorum- 
sensing systems, LasRI and RhlRI (23, 32). These two systems 
form a hierarchical quorum-sensing cascade (23), and there is 
considerable overlap within this dual-level control system in 
the regulation of many virulence factors. Quorum-sensing sys- 
tems generally consist of two components, a small diffusible 
signal molecule (N-acylhomoserine lactone [AHL]) and a tran- 
scriptional activator protein (41). When present in sufficient 
amounts, the free diffusible signal molecule binds to the reg- 
ulator, which activates a set of specific target genes. The 
threshold concentration of autoinducer necessary for the in- 
duction of the genes is reached when cultures achieve a suffi- 
ciently high bacterial density (for a review, see reference 15). 
Two major AHLs [yV-(3-oxododecanoyl)-L-homoserine lactone 
(OdDHL) and A^-butanoyl-L-homoserine lactone (BHL)] and 
two minor AHLs [N-(3-oxohexanoyl)-L-homoserine lactone 
(OHHL) and A^-hexanoyl-L-homoserine lactone (HHL)] have 
been identified in P. aeruginosa (47). 

Since AHLs appear to readily diffijse across cell membranes 
(16), it is possible that these bacterial signal molecules may 
influence the physiology of pulmonary epithelial cells and 
therefore modulate the possible outcome of infection. This 
important aspect, that is, the capacity of bacterial AHLs to be 
perceived by, and to act upon, not only other bacteria but the 
eucaryotic host itself, has been largely ignored. Recent findings 
have shown that the signal molecule OdDHL could stimulate 
interleukin-8 (IL-8) production by respiratory epithelial cells 
(12) and could also influence the Thl-Th2 balance in the 
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infected host (43). Despite the fact that these effects have been 
observed at supramaximal concentrations (10 to 30 |xM), 
higher than those normally encountered in laboratory media 
(33), these data provided us with preliminary evidence for a 
contribution of AHLs to the infection process. 

Engelhardt et al. (14) have demonstrated that CFTR is al- 
most undetectable in the surface epithelial cells of the human 
bronchus, while the serous component of the bronchotracheal 
glands expresses CFTR at a very high level. Human tracheal 
gland serous (HTGS) cells are responsible for the secretion of 
antibacterial and antiproteolytic proteins like lactoferrin, ly- 
sozyme, and the secretory leukocyte proteinase inhibitor 
(SLPI) (2), Furthermore, tracheal gland cells are able to re- 
spond to nucleotides by stimulation of SLPI secretion (26) and 
by an increase in chloride transport (48). The corresponding 
nucleotide receptors were identified as P2Y2 and P2Y4 (27). 
We recently developed a stable cell line of CF HTGS cells, the 
CF-KM4 cell line (20). In culture, these cells were shown to 
have retained most of their original epithelial and secretory 
characteristics, such as constitutive secretion of SLPI. They 
have also kept their CF-specific defects, such as an absence of 
cyclic AMP-dependent CFTR-associated chloride channel ac- 
tivity and an inability to respond to adrenergic and cholinergic 
agonists. However, like the original cells, CF-KM4 cells still 
respond to nucleotide stimulation. Furthermore, all of these 
CF-specific defects were shown to be corrected by adenovirus- 
mediated CFTR gene transfer. 

The present work was aimed at determining the possible 
effects of AHLs on HTGS cells, with special reference to P2 
receptors. We demonstrate here that the quorum-sensing oxo- 
AHLs (at up to picomolar concentrations) dramatically re- 
pressed the stimulatory effects of SLPI secretion by nucleo- 
tides, probably due to the repression of P2Y2 and P2Y4 
receptor expression, in CF but not normal HTGS cells. Ibu- 
profen (but not glucocorticoids or indomethacin) was able to 
prevent this deleterious effect of OdDHL on CF cells. It is 
therefore possible that efficiency of pharmacological CF ther- 
apy with nucleotide analogues may be hindered by minimal 
secretion of the quorum-sensing molecule OdDHL by P. 
aeruginosa. However, we suggest that, in addition to use of 
ATP or UTP analogues for CF therapy, ibuprofen may be of 
potential use for a combinational pharmacological therapy of CF. 

MATERIALS AND METHODS 

Chemicals and solutions. ATP, UTP, epinephrine, 3-(4,5-dimethylthiazol-2- 
yl)-2^-diphenyltetrazolium bromide (MTT), indomethacin, nordihydrogaiaretic 
acid (NDGA), dexamethasone, cortisone, prednisone, ibuprofen, and Dulbecco's 
modified Eagle's medium-Ham's F12 medium were obtained from Sigma (St. 
Louis, Mo.). Ultroser G was from Biosepra (Villeneuve la Garenne, France). All 
other chemicals were of cell culture grade. 

Cell culture. The normal HTGS cell line MM39 (24) and the CF-KM4 cell line 
(20) were grown in a Dulbecco's modified Eagles medium-Ham's F12 medium 
mixture supplemented with 1% Ultroser G, 0.22 g of sodium pyruvate per liter, 
and 8 g of glucose per liter. Epinephrine (2 J ixM, from a 2.5 mM stock solution 
made in 0.001 N HO and stored at -80"C) was routinely added to the cell 
culture medium in order to provide optimal growth and differentiation. Cells 
were passaged by using 0,025% tiypsin (GIBCO) and 0.02% EDTA. Type 1 
collagen-coated Falcon disposable tissue culture flasks were used. Adenovirus- 
mediated CFTR gene transfer in CF-KM4 cells was carried out as previously 
described (20). 

AHL synthesis. The general method described by Chhabra et al. (8) was used 
to synthesize BHL and HHL, while OdDHL and OHHL were prepared as 
described by Dekhane et al. (11). Each compound was purified by liquid chro- 
matography to homogeneity as determined by high-pressure liquid chromatog- 
raphy. Tht structures were confirmed by infrared as well as *H and ^■'C nuclear 
magnetic resonance spectroscopy, and their optical purities were controlled by 
measurement of their optical rotations. The biological activity of each compound 
was tested as described previously (23). 

Cytotoxicity. The cytotoxicities of the AHLs were assessed by measuring cel- 
lular dehydrogenase acthrity. Stock solutions of AHLs (100 fiM in dimethyl 
sulfoxide) were diluted in complete culture medium. For the cytotoxicity assay, 



cells were grown until confluency in 24- well tissue culture plates and exposed to 
the different AHLs for the durations and at the concentrations indicated in 
Results. After incubation, dehydrogenase activity was measured biochemically by 
using the water-soluble tctrazolium salt MTT, which is converted to purple 
formazan. Results are expressed as changes in optical density compared to that 
of a 100% lysis control. 

Pharmacological stimulation of SLPI secretion. Confluent cultures of CF- 
KM4 cells grown on 24-welI plates were rinsed four times for 1 h each with 
serum-free culture medium and then exposed for 30 min to 100 \iM nucleotides. 
Forty microliters of the culture medium was harvested, and the SLPI was directly 
measured by enzyme-linked immunosorbent assay (44). The ratio of the SLPI 
secreted in the assays to that secreted in the assays to that secreted in control 
experiments was calculated, and agonist-induced stimulations are expressed as 
the percentage of SLPI secretion above the control value. Drugs or vehicle 
solutions were added at the same times to the respective wells. Vehicle additions 
were shown to have no effect on SLPI secretion by CF-KM4 cells. In each 
experiment the mean SLPI secretion rate from quadruplicate assays was deter- 
mined. 

Reverse transcription-PCR amplification. Total RNA was purified froiii cel- 
lular pellets of CF-KM4 cells (approximately 10"^ cells) by the technique of 
Chomczynski and Sacchi (9). Total RNA was quantified by absorbance at 260 nm 
(1 optical density unit = 40 mg/liter), and the quality of the preparations was 
monitored by agarose gel electrophoresis in the presence of formaldehyde. For 
detection of the expression of P2Y2 (31) and P2Y4 (10) mRNA transcripts, PGR 
amplification of mRNA (after conversion to cDNA) was performed with a Gene 
AMP RNA PGR kit (Peiking-Elmer Cetus). S pecifi c amplifications were per- 
formed with the primers 5'-CTTCAACGAGGACTTCAAGTACGTGC-3' (nu- 
cleotides 323 to 348 of the P2Y2 gene) and 5'-CATGTTGATGGCGTTGAGG 
GTGTGG-3' (nucleotides 1079 to 1103 of the P2Y2 gene) for P2Y2 and 5'-A 
TCCTGCCACCCTCACTTCTCC-3' (nucleotides 137 to 159 of the P2Y4 gene) 
and 5'-AGGCGAGAAGACGACTGTGC-3' (nucleotides 882 to 902 of the 
P2Y4 gene) for P2Y4. Thirty-five cycles of amplification were used, with cycle 
times as foUows: (i) denaturation for 60 s at 94*'C, (ii) primer annealing for 60 s 
at 56^ (P2Y2) or SS'C (P2Y4). and (iii) extension for 150 s at 72'C. An aliquot 
of the final amplification solution was analyzed after ethidium bromide staining 
of a 2% agarose gel to assess the sizes of the amplified fragments. Sequences of 
the PGR products were checked by the dideoxy chain termination method with 
a Sequenase sequencing kit (U.S. Biochemical Corp., Qeveland, Ohio). 

Statistics. All results are expressed as means ± standard deviations (SDs). The 
significance of differences between the effects of the concentrations of agents or 
between the effects of the agonists was determined by analysis of variance. The 
difference between agents or between concentrations of agents was isolated by 
the Scheffg multiple-comparison test. 



RESULTS 

Cytotoxicity of AHLs to CF.KM4 ceUs. We first checked for 
a possible cytotoxic effect of AHLs by using measurements of 
cellular dehydrogenase activity through MTT metabolization, 
which appeared to be a good method, since HTGS cells were 
shown to have a high metabolic activity (25). When added to 
the cells at up to 100 for 24 h, neither BHL, HHL, OHHL, 
nor OdDHL showed cytotoxicity to normal HTGS (MM39) or 
CF HTGS (CF-KM4) cells (data not shown). 

Effects of AHLs on constitutive secretion by CF-KM4 cells. 
We next determined whether AHLs may alter the physiology 
of HTGS cells. Since these cells are glandular, we looked for 
protein secretion by using SLPI as a representative specific 
secretory marker. None of the studied AHLs were found to 
induce any significant change in the rate of constitutive secre- 
tion of SLPI by MM39 or CF-KM4 cells (data not shown). 

Effects of AHLs on regulated secretion by CF-KM4 cells. We 
next looked for effects of AHLs on the ability of cells to be 
stimulated by secretagogues for the secretion of SLPI. MM39 
cell secretion can be stimulated by either cholinergic (carba- 
chol), adrenergic (isoproterenol), or purinergic (ATP and 
UTP) agonists (24, 27). A 100 \xM concentration of each secre- 
tagogue gives maximal stimulation of secretion with the fol- 
lowing respective values above the control level: 60% ± 12% 
(P < 0.001), 52% ± 12% (P < 0.001), 65% ± 6% (P < 0.001), 
and 60% ± 10% (P < 0.001) (Fig. lA). CF-KM4 cells do not 
respond to carbachol or isoproterenol but are still responsive 
to ATP and UTP, with stimulation of 62% ± 6% (P < 0.001) 
and 65% ± 10% (P < 0.001) above the control value, respec- 
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FIG. 1. Eflfects of OdDHL on the ability of MM39 cells (A and B) and CF-KM4 cells (C and D) to be stimulated by secretagogues. (A and C) No pretreatment; 
(B and D) pretreatment with OdDHL, After cells were cultured to confluency, they were washed and exposed for 30 min to the secretagogues. For each experiment, 
secretion of SLPI in response to 100 |iM carbachol (Carb.), isoproterenol (Isop.), ATP, and UTP are presented and expressed as the percentage of SLPl secretion above 
the control value (Ctrl). Each bar represents the mean and SD for quadruplicate determinations from three different experiments (n - 12). The statistical significance 
of the difference between responses to agents and the control are indicated as follows: P < 0.01; P < 0.001. (A) MM39 cells respond to each of the secretagogues 
with a significant stimulation of SLPI secretion. (B) Pretreatment of the cells with 10 ^.M OdDHL for 24 h does not significantly change the ability of the MM39 cells 
to be stimulated by any of the agonists. (C) CF-KM4 cells do not respond to carbachol and isoproterenol but still respond to ATP and UTP. (D) Pretreatment of 
CF-KM4 cells with 1 nM OdDHL for 24 h totally abolishes responsiveness to ATP and UTP. 



tively (Fig. IC). Pretreatment of the cells for 24 h with 10 jxM 
OdDHL had no significant effects on MM39 cells when they 
were stimulated by any of the secretagogues tested (Fig. IB). A 
similar absence of effects was also observed with 10 ^lM 
OHHL, HHL, or BHL (data not shown). However, 1 nM 
OdDHL led to a total loss of cell responsiveness to ATP and 
UTP by CF-KM4 cells (Fig. ID). Similar results were obtained 
with the AHL analogue OHHL (1 nM), and with the analogues 
BHL and HHL but at much higher concentrations (10 p.M) 
(data not shown). To rule out the possibility that the differ- 
ences seen between normal (MM39) and CF (CF-KM4) cells 
were not due to CFTR differences but to other genetic differ- 
ences, we repeated the experiments with the CF-KM4 cells 
corrected by adenovirus-mediated gene transfer of CFTR. Un- 
der these conditions, the transfected cells showed the same 
phenotype as MM39 cells in response to AHLs (data not 
shown). This inhibition of the ability of CF-KM4 cells to be 
stimulated by ATP was shown to be dependent on the concen- 
tration of AHLs. Dose-response data for the action of OdDHL 
are presented in Fig. 2. Inhibition was shown to be total up to 
an OdDHL concentration of 10"^*^ M. The concentration giv- 
ing half of the maximal inhibition (50% inhibitory concentra- 
tion [IC50]) was 0.3 pM. The calculated IC50S were 0.4 pM for 
OHHL and 10 and 5 pM for BHL and HHL, respectively. 

Effects of AHLs on P2Y2 and P2Y4 receptor expression by 
CF-KM4 cells. Since the stimulatory effects of UTP and ATP 
were inhibited by AHLs, and especially by oxo-AHLs, at con- 
centrations not compatible with those expected for receptor 
antagonists, we checked for the presence of both the P2Y2 and 
P2Y4 receptors by PGR amplification before and after incu- 



bation of CF-KM4 cells with AHLs. We chose primers from 
the sequences of the cloned genes in zones with less than 40% 
sequence identity between the two receptors (10, 31). Electro- 
phoresis of the PGR products revealed that CF-KM4 cells 
express both the P2Y2 and the P2Y4 receptor mRNAs (Fig. 3). 
Incubation of CF-KM4 cells with BHL (10 |xM) or OdDHL (1 



100 




-Log [OdDHL] (M) 

FIG. 2. Dose dependency of the inhibition by OdDHL of stimulation of SLPI 
secretion by ATP. After CF-KM4 cells were cultured to confluency, increasing 
concentrations of OdDHL were added and left for 24 h with the cells. The cells 
were then washed and exposed for 30 min to 100 »xM ATP. SLPI secretion was 
determined as described for Fig. 1. Each bar represents the mean and SD for 
four experiments {n » 12). Statistical significance is indicated as described for 
Fig. 1. 
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FIG. 3. Effects of OdDHL and BHL on P2Y2 (A) and P2Y4 (B) mRNA 
expression in CF-KM4 cells. Cells were cultured to confluency as described in the 
text. Cells were then exposed to 1 nM OdDHL or 10 \lM BHL for 24 h. After 
total RNA extraction and reverse transcription, cDNAs were amplified by using 
primers specific for P2Y2, P2Y4, and ^-actin. The amplification products (781 bp 
for P2Y2 and 765 bp for P2Y4) were separated by electrophoresis on a 2% 
agarose gel and stained with ethidium bromide. Ctrl, cells without treatments. 



nM) dramatically reduced (for BHL) or completely inhibited 
(for OdDHL) the expression of both the P2Y2 and P2Y4 
receptors. This inhibition was not due to a general reduction of 
cell transcription, since neither of the two AHLs changed the 
P-actin transcript levels in CF-KM4 cells (Fig. 3). 

Effects of anti-inflammatory agents. Since AHLs were 
shown to have immunomodulatory effects (43), we investigated 
whether anti-inflammatory agents might be able to modify the 
inhibitory effects of OdDHL (1 nM). We analyzed the effects 
of dexamethasone (10~^ M), ibuprofen (10 fiM), the cyclo- 
oxygenase inhibitor indomethacin (10 |xM), and the lipo-oxy- 
genase inhibitor NDGA (10 jxM). These agents were added to 
the cells at the same time as OdDHL and left to incubate for 
24 h. Figure 4 shows that neither dexamethasone nor indo- 
methacin changed the inhibitory effects of OdDHL. Other 
glucocorticoids (cortisone and prednisone) gave similar results 
(data not shown). However, both NDGA and ibuprofen re- 
versed the inhibitoiy effects of OdDHL. We observed a con- 
centration dependence for ibuprofen prevention of the inhib- 
itory effects of OdDHL (Fig. 5). The IC50 of ibuprofen was 0.8 
jjlM. We also assessed the effects of ibuprofen on the P2Y2 
receptor mRNA by PGR amplification before and after CF- 
KM4 cell incubation with OdDHL (Fig. 6). Electrophoresis of 
the PGR products revealed that ibuprofen (10 \xM) prevented 
OdDHL-induced inhibition of P2Y2 receptor expression in 
GF-KM4 cells. In addition, as for MM39 cells, G F-KM4 cells 
with the defect corrected by adenovirus-mediated GFTR gene 
transfer expressed the P2Y2 receptor mRNA in presence of 1 nM 
OdDHL (Fig. 6). 
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FIG. 4. Effects of immunosuppressois on OdDHl^induced inhibition of se- 
cretoiy responses to ATP by CF-KM4 cells. Confluent CF-KM4 cells were 
exposed for 24 h to 1 nM OdDHL with or without 0.1 p.M dexamethasone or 10 
\]M indomethacin, NDGA, or Ibuprofen. The cells were then washed and ex- 
posed for 30 min to 100 p.M ATP. The SLPI secretion was determined as 
described for Fig. 1. Values are given as means ± SDs for three experiments (n = 
9). Where no agent was added, only the vehicle was added to the cells. Statistical 
significance is indicated as described for Fig. 1. Note that only NDGA and 
ibuprofen prevented the inhibition of stimulation of SLPI secretion by ATP in 
CF-KM4 cells. 



DISCUSSION 



The aim of the present study was to determine the effects of 
the quorum-sensing signal molecules AHLs secreted by P. 
aeruginosa on normal and CF HTGS cells. Normal cells re- 
spond to cholinergic, adrenergic, and purinergic agonists by an 
increase in protein secretion, whereas CF cells are not respon- 
sive to adrenergic and cholinergic agonists but still remain 
responsive to nucleotides. In the present paper we show that 
CF HTGS cells, but not the normal cells, are no longer able to 
respond to nucleotides by an increase in the secretion of SLPI 
in presence of minute amounts of 0x0- AHLs (IC50 of about 0.3 
pM). This absence of responsiveness is related to the repres- 
sion of both the P2Y2 and P2Y4 receptor mRNAs. It is likely 
that this excessive sensitivity is related to the CF defect, since 
adenovirus-mediated CFTR gene transfer confered resistance 
to oxo-AHLs that was similar to that of the normal cells. 



Another finding of this study was that ibuprofen was able to 
prevent the oxo-AHL-induced repression of P2Y receptors. 

In CF, virulence of P. aeruginosa has been demonstrated to 
be linked to quorum-sensing density with subsequent relatively 
high concentrations of the autoinducers BHL and OdDHL 
(38). In CF lungs, P. aeruginosa grows to a high density, (con- 
centrations of 10^ to 10^ CFU per g are common in CF sputa), 
at which virulence factors are expressed. This observation sug- 
gests that P. aeruginosa has properties which make the CF lung 
a good environment for bacterial development and that quo- 
rum-sensing molecules may play a role in chronic infections 
associated with CF. P. aeruginosa grows in microcolonies or in 
bioiilms. These densities of bacteria should produce concen- 
trations of autoinducers that would trigger the expression of 
specific target genes. The role of P. aeruginosa quorum-sensing 
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FIG. 5. Dose dependency of the prevention by ibuprofen of OdDHL inhibition of ATP-induced stimulation of SLPI secretion by CF-KM4 cells. Cells grown to 
confluency were exposed to 1 nM OdDHL and to increasing concentrations of ibuprofen for 24 h. The cells were then washed and exposed for 30 min to 100 \jM ATP. 
For each concentration of ibuprofen tested, secretion of SLPI in response to 100 m,M ATP is presented and compared to the control value (Ctrl). Means and SDs are 
shown (/I = 12). Statistical significance is indicated as described for Fig. 1. 



systems in infectious processes has not been extensively stud- 
ied. It has recently been shown that P. aeruginosa biofilms on 
indwelling urethral catheters produce quorum-sensing signal 
molecules in situ and in vitro (37). It has also been found that 
a lasR mutant is significantly less virulent in a neonatal mouse 
model of infection (42) and that the lasR gene is expressed in 
the lungs of CF patients (38). Taken together, these results 
strongly suggest that quorum-sensing systems may play a role 
in infection process by regulating synthesis of several virulence 
factors. Nevertheless, probably because of technical difficulties, 
concentrations of AHLs in sputa of CF patients have never 
been reported. As the concentration of OdDHL normally pro- 
duced in laboratory media is approximately 5 fjiM (33), it is 
reasonable to postulate that high local concentrations may be 
attained in sputa of CF patients, because bacteria grow as 
microcolonies. Since AHLs appear to readily diffuse across cell 
membranes, it is conceivable that these bacterial signal mole- 
cules per se may influence the outcome of the infection by 
modulating the host cell response. One possibility is that the 
quorum-sensing AHLs produced by P. aeruginosa could be 
able to modify the behavior of the CF epithelial cells which are 
thought to be most implicated in the pulmonaiy physiopathol- 
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FIG. 6. Effects of OdDHL on F2Y2 mRNA expression in CF-KM 4 cells w ith 
the defect corrected by adcnovirus-mediated CFTR gene transfer (Ad-CFTR) or 
treated with ibuprofen. Cells were cultured to confluency as described in the text. 
Cells in absence of OdDHL (A) were compared to cells exposed to 1 nM 
OdDHL for 24 h (B). When used, all products (OdDHL, ibuprofen, or adeno- 
virus) were added to the cells at the same time. After total RNA extraction and 
reverse transcription, cDNAs were amplified by using primers specific for P2Y2 
and 3-actin. The amplification products were separated by electrophoresis as 
described for Fig. 3. 



ogy of the disease, i.e., the CF HTGS cells (14). This was the 
hypothesis that we wanted to address in this study. 

There are relatively few data in the literature regarding the 
effects of AHLs on airway cells. The signal molecule OdDHL 
has been reported by some authors (12) but not by others (30) 
to stimulate IL-8 secretion by respiratory epithelial cells. How- 
ever, this effect was observed at very high concentrations of 
OdDHL (over 10 (jiM), which are over the quorum-sensing 
level, and in a physiological situation where toxins and viru- 
lence factors should be secreted by the bacteria. IL-8 is a 
potent chemoattractant for neutrophils, whose role, when ac- 
tivated, is to attack, digest, and destroy bacteria at the site of 
infection. However, since in these reports no difference in 
OdDHL-induced IL-8 secretion between normal and CF cells 
was observed, it is unlikely (i) that this phenomenon is patho- 
logical rather than a positive reaction against infection, and (ii) 
that this phenomenon could be involved in the pathophysiol- 
ogy of CF. The reasons for this specific affinity of P. aeruginosa 
for the CF airway are still unclear. Several authors have sug- 
gested that P. aeruffnosa may bind to some membrane recep- 
tors that are up-regulated in CF epithelial cells (7), However, 
these findings were not observed in vivo (45) and hardly ex- 
plain the failure of the nonspecific immune system. Other 
authors have suggested that the up-regulation of IL-8 and 
down-regulation of IL-10 found in CF would generate an in- 
flammatory state prone to P, aeruginosa development (5). 
However, this imbalance in inflammatory cytokines would, 
rather, protect the lung tissue and cannot explain the specificity 
of F. aeruginosa. 

In contrast to the above-mentioned data, our results indicate 
that the quorum-sensing signal molecules OdDHL and OHHL 
can inhibit expression of nucleotide receptors by CF HTGS 
cells but not by their homologous normal, non-CF cells. This 
phenomenon was also observed with BHL and HHL but at 
very high concentrations (>10 jxM), which are reached only in 
vitro (33). The ICjqS of OdDHL and OHHL are very low (0.3 
and 0.4 pM, respectively), and since the secretion of oxo-AHLs 
by bacteria is proportional to bacterial density, these low values 
imply that the presence of only a small amount of bacteria is 
needed to lead to dramatic effects on expression of the P2Y2 
and P2Y4 receptors. Very large quantities of P. aeruginosa in 
CF airways (slO^ CFU/g of sputum) are found during infec- 
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tion, and the quantities are still significant (about 10^ CFU/g) 
when infection is overcome (18). Therefore, it is possible that, 
due to this persistence of bacteria, the expression of P2 recep- 
tors might be continuously repressed in the airways of CF 
patients. 

The fact that CF gland cells are normally able to respond to 
nucleotides by mobilization of intracellular calcium (25a), by 
an increase in chloride transport (48), and by stimulation of 
protein secretion (27) strengthens the case for the eventual use 
of nucleotide analogues for therapeutic purposes. ATP and 
UTP analogues have already been tested on healthy volunteers 
and on CF patients with mild CF injuries. Data about these 
human trials are scarce; the trials were first performed with CF 
patients with mild lung disease, and the data concerned chlo- 
ride transport in the nose (22). Furthermore, these results were 
from experiments performed on epithelial tissue devoid of 
bacterial contamination, and no data are available for infected 
tissue. Currently, clinical trials are being carried out in the 
United States and in the United Kingdom (35). It would be 
very interesting to know whether and how much the benefit of 
the clinical treatment is impaired by infection and/or by the 
residual presence of bacteria. 

The fact that OdDHL may induce abolition of expression of 
P2Y2 and P2Y4 receptors by CF-KM4 cells suggests that the 
action of OdDHL may lead directly or indirectly to the mobi- 
lization of inhibitory transcription factors involved in the ex- 
pression of the P2Y genes. One possibility is that leukotrienes 
may be involved in that process, since inhibitors of leukotriene 
synthesis, but not inhibitors of the cyclo-oxygenase pathway, 
inhibited the action of oxo-AHLs. Furthermore, the high sen- 
sitivity of CF HTGS cells to oxo-AHLs, in comparison to the 
normal HTGS cells, suggests a CF-specific defect linked with 
arachidonate metabolism. It has long been known that there is 
an alteration of arachidonate metabolism in CF (39). However, 
although many investigations have detailed some cellular 
mechanisms involved in phospholipase A2 overactivation in 
CF (4, 28), neither the reasons for the overactivation (includ- 
ing the link with the CFTR defect) nor its physiological con- 
sequences have been determined so far. On the other hand, in 
contrast to ibuprofen and NDGA, glucocorticoids were shown 
to be inefficient in preventing OdDHL negative effects. Glu- 
cocorticoids are known to activate transcription of lipocortin-1, 
which is a physiological intracellular inhibitor of phospholipase 
A2. Glucocorticoids are thus indirectly able to inhibit genera- 
tion of eicosanoides. Both NDGA, by inhibiting lipo-oxygen- 
ase, and ibuprofen, by inhibiting both cyclo-oxygenase and 
lipo-oxygenase, also inhibit generation of eicosanoides. Thus, 
the difference in the effects of (i) glucocorticoids and (ii) ibu- 
profen or NDGA is intriguing. A possibility is that glucocorti- 
coids, in contrast to lipo-oxygenase inhibitors, do not function 
normally in CF cells. Defective inhibition of leukotriene pro- 
duction by leukocytes in patients with CF was reported (36), 
resistance of CF B lymphocytes to dexamethasone was ob- 
served (13), and inefficiency of dexamethasone in inhibiting 
lipopolysaccharide-induced cytokine production by CF HTGS 
cells was shown (19). Another possibility is that ibuprofen and 
NDGA may act through mechanisms other than inhibition of 
leukotriene production. Ibuprofen was shown to stabilize the 
NF-kB-IkB complex in the cytoplasm (40). NF-kB is a tran- 
scription factor which is located in the cytoplasm in an inactive 
form, where it is bound to a protein called inhibitor- kBu 
(iKBa). Upon stimulation, IkBu is phosphorylated and de- 
graded, resulting in the release and translocation of NF-kB 
into the nucleus, where it activates the expression of numerous 
genes. Ibuprofen was shown to be able to block the degrada- 
tion of IkBu and thereby to inhibit activation and translocation 



of NF-kB into the nucleus (40). NDGA was also shown to 
inhibit IkB degradation (6). Further understanding of the mo- 
lecular mechanism of ibuprofen action should provide insights 
into the process of oxo-AHL action and, more generally, into 
the emergence of infection and inflammation in CF patients. 
Here we have not been able to assess how oxo-AHLs have this 
particular action on CF-KM4 cells, but the consequences of 
this observation might be relevant. Ibuprofen has been used 
with success in decreasing inflammation associated with CF 
overinfection. That the negative effect of oxo-AHLs on P2Y 
expression was abolished by ibuprofen suggests a possible ben- 
eficial effect of ATP and/or UTP analogues in association with 
ibuprofen for CF therapy. 

In conclusion, the results presented here show that oxo- 
AHLs from P. aeruginosa induce the repression of P2Y2 and 
P2Y4 receptors by CF-KM4 cells. It is our understanding that 
this work represents the first demonstration of an effect of 
AHLs on a secretory mechanism involved in the lung defense 
system in CF HTGS cells but not in normal, non-CF HTGS 
cells. The ability of ibuprofen to prevent this deleterious effect 
suggests that a possible use of ibuprofen in combination with 
ATP and/or UTP analogues would be of considerable interest 
for pharmacological therapy of CF. 
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